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NASA TT F-9329 

INVESTIGATION OF SPACE VEHICLE MCYI'ION I N  THE ATMOSPHERE \ *A 
D .Ye .Okhotsimskiy and N . 1  .Zolotukhina 

2 3 6 7 3  

The motion of a spacecraft  i n  the  atmosphere, a f te r  reentry 

through t h e  reent ry  "corridor" with s p e c i a l  emphasis on t h e  

g-loading, is described. Descent t r a j e c t o r i e s  with local 

parabolic ve loc i ty  a t  an a l t i t u d e  of 100 km, us ing the  

height of perigee as t h e  basic  parameter, a r e  calculated 

f o r  f ixed  and var iable  L/D. Descent path length,  g-loading, 

and a l t i t u d e  are plot ted against  time and l i m i t  values f o r  

g-loading are given. To prevent narrowing of t h e  reentry 

corr idor  by reduction i n  g-value, control  of l i f t  by two 

value is  recommended f o r  path lengths of 10,000 km and 

change-overs from mximum pos i t ive  t o  maximum negative 

up t o  fou r  change-overs f o r  lengths of 5000 km. 

The m t i o n  of a space vehicle  i n  t h e  atmosphere is invest igated i n  t h i s  

paper, and an  ana lys i s  is  offered of t h e  p o s s i b i l i t i e s  of using low l i f t  t o  

reduce t h e  requirements f o r  reent ry  accuracy and t o  decrease g-loading during 

r een t ry  in to  the  atmosphere a t  second cosmic (escape) ve loc i ty .  

An examination is made of descent t r a j e c t o r i e s  which have a l o c a l  para- 

b o l i c  ve loc i ty  a t  a n  a l t i t u d e  of yo = 100 km. The r een t ry  angle 0 (angle be- 

tween t h e  t r ansve r sa l  and ve loc i ty  a t  a l t i t u d e  yo) is  uniquely determined by , 

t h e  he igh t  of t h e  osculat ing perigee h ,  i.e., t h e  height of o r b i t a l  perigee i n  

unperturbed motion and i n  the  absence of atmospheric res i s tance .  

* Numbers i n  t h e  m r g i n  ind ica te  pagination i n  t h e  o r i g i n a l  foreign text. 
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The perigee height uniquely characterizes r een t ry  conditions f o r  a tra- 

jec tory  with a given energy. The se lec t ion  of perigee height as a bas i c  para- 

meter makes it possible  t o  relate t h e  outs ide port ion of t h e  t r a j e c t o r y  t o  t h e  

descent port ion i n  t h e  atmosphere, i n  the  mst na tu ra l  manner. 

convenient t o  compute t h e  length of  the descent por t ion  and t h e  time along t h e  

t r a j e c t o r y  f r o m  t h e  i n s t a n t  which would correspond t o  passage of t he  perigee i n  

unperturbed motion. 

It is found 

The spread of perigee heights f o r  which a descent with a given length 

can be rea l ized  is  ca l led  t h e  "corridor width with respec t  t o  perigee height". 

The wider t h e  reent ry  corr idor  the  l e s s  accuracy is  required during approach of 

t h e  space vehicle  t o  t h e  Earth,  p r io r  t o  descent. 

Control of  l i f t  of t h e  space vehicle permits a reduction i n  g-loading. 

If we e s t ab l i sh  t h e  maximum allowable g-level, then cont ro l  of l i f t  can be 

u t i l i z e d  i n  order  t o  provide as la rge  a reent ry  cor r idor  as possible.  

L e t  us assume that t h e  cont ro l  of  lift bears t h e  character  of a change- /2 
over f r o m  t h e  maximum possible posi t ive value t o  t h e  maximum possible negative 

value, and vice versa.  With t h i s  re lay  character of l i f t  var ia t ion ,  t h e  prob- 

lem is  then reduced t o  a n  optimum se lec t ion  of t h e  number of and i n s t a n t s  f o r  

change-over . 
An examination is  made f irst  of a descent with f ixed  L/D (without change- 

over) .  

overs.  

m t i o n  and t h e  pos i t ion  of t h e  m a x i ~ u m .  

examined. 

approximated and used. 

Following t h i s ,  we examine descents with one, t w o ,  and more change- 

An analysis is  given of t h e  character of g-variation during vehic le  

G load  and perigee height spreads are 

I n  t h e  calculat ions performed here, standard a tmsphere  (Bibl.1) was 
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1. Descent with Fixed L/D 

The inves t iga t ion  of a descent with a f ixed  L/D value was car r ied  out  

with t h e  aim of reveal ing t h e  spread of perigee heights  f o r  which such a de- 

scent  is possible,  and a l so  f o r  t h e  purpose of determining t h e  g-loads prevai l -  

ing  i n  t h i s  case. Here and i n  t h e  following d iscuss ion  we shall d e a l  with 

values of t o t a l  g, determined by t h e  formula: 

CL where v i s  the  ve loc i ty  modulus, H = - I is t h e  L/D r a t i o ,  CD and CL a r e  t h e  

CD is the  b a l l i s t i c  1 &PoS 
2 G  

LD 
aerodynamic coef f ic ien ts  of drag and l i f t ,  c = - 
coef f ic ien t ,  and po are t h e  acce lera t ion  of g rav i ty  and t h e  a i r  dens i ty  a t  

t h e  Earth's surface,  S is  t h e  cha rac t e r i s t i c  sur face ,  G is  t h e  weight of t he  

vehicle ,  and A = - 
coe f f i c i en t  is  taken as c = 1 l/km. 

P 

Po 
i s  the  dens i ty  r a t i o .  I n  our ca lcu la t ions ,  t h e  b a l l i s t i c  

L e t  t h e  vehic le  have an  L/D of si-. This means t h a t  t h e  L/D can t ake  on 

any value within t h e  range of regulat ion,  i .e.,  i n  t h e  range -T H 5 #. A 

negative L/D is understood t o  be one that corresponds t o  a negative value of 

l i f t  . 
L e t  hl be t h e  height of perigee of a t r a j e c t o r y  having a length L during 

t h e  descent with f ixed  pos i t ive  L/D; b is t h e  height of perigee of a t r a j e c t o r y  

which has t h e  same length during a descent with f ixed  negative L/D. The spread 

of perigee heights  hl s h 5 b is  the reent ry  cor r idor  w i t h  respect  t o  t h e  

height of t h e  perigee f o r  a given length L and a L/D of it. This means that f o r  

any height  h from t h e  reentry corridor,  it is possible  t o  s e l e c t  an  L/D i n  t h e  

range of cont ro l  such that, during descent with f ixed  L/D, t h e  descent tra- 

j ec to ry  w i l l  have t h e  length L. The determination performed f o r  t h e  reent ry  
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corr idor  proceeds only from t h e  condition of a t t a i n i n g  t h e  given length. If we 

accept add i t iona l  l imi t a t ions ,  f o r  example , with respect  t o  considerations of 

heating conditions o r  w i t h  respect t o  g, t h i s  may lead t o  a narrowing of t h e  

cor r idor  . 
G f o r c e s  along t h e  t r a j e c t o r y  vary non-monotonically, forming a s e r i e s  of 

maximums whose magnitude and d i s t r ibu t ion  depend on t h e  magnitude of t h e  pre- 

va i l i ng  L/D and t h e  height of t h e  perigee. 

magnitude of t h e  g rea t e s t  maximum. 

Main emphasis was placed on t h e  

Figures 1 and 2 present t h e  r e s u l t s  of calculat ions performed t o  demon- 

strate t h e  p o s s i b i l i t i e s  of descent with f ixed  L/D. 

perigee height;  t o  t h e  l e f t  of t h e  ordinate axis we entered t h e  dis tance L = 

= cpR (cp being t h e  terminal angular dis tance reckoned from t h e  perigee, and R 

t h e  Earth's rad ius) ;  t o  t h e  r i g h t  of the  ord ina te  axis are t h e  magnitudes of 

peak-g denoted by n. 

heights  which corresponds t o  L/D values H 

The absc issa  gives t h e  

Figure 2 shows, i n  a rougher scale, t h e  region of perigee 

0.3. 

The so l id  l i n e s  on the  graphs represent t h e  cor re la t ion  of length t o  L4 
perigee height f o r  a given L/D. 

t r a j e c t o r i e s  with constant l i f t / d r a g  r a t i o  H ,  t he re  i s  a l i m i t  perigee height 

h(x) depending upon t h e  L/D. 

h > F ( R )  do not descend t o  t h e  E a r t h ' s  surface on t h e  first pass. 

j e c t o r i e s  with perigee heights of h < g ( x )  t h e r e  is a single-valued relat ion-  

s h i p  between perigee height  and length L. 

length decreases. 

As can be seen f r o m  t he  graphs f o r  descent 

- 
The t r a j e c t o r i e s  which have perigee heights of 

For tra- 

A s  t h e  perigee height drops, t h e  

The broken l i n e s  i n  Figs .1  and 2 represent a family of curves which show 

t h e  r e l a t ionsh ip  of peak-g t o  perigee height f o r  t r a j e c t o r i e s  of a given length.  

A s  can be seen f r o m  t h e  graphs, along t h e  curves i n  t h i s  family,  i n  t h e  region 
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of perigee heights  of t h e  order of 50 - 60 h, t h e  g-forces show a minimum of 

approximately n = 5. 

I n  t h e  indicated region, t h e  f irst  and second g-maxima a r e  close t o  each o the r . ,  

For heights of h < 50 km, t h e  f i r s t  g-maximum i s  t h e  g rea t e s t  and t h e  deter-  

These minimum g-values occur a t  an  L/D of N = 0.1 - 0.15. 
~ 

I 

mining one; f o r  heights of h > 60 km, t h e  second maximum i s  g rea t e s t .  

Figure 2 a l s o  presents a family of l i n e s  matching t h e  g-values f o r  a 

fixed L/D. 

The f irst  segment ( t h i n  l i n e s )  corresponds t o  the  peak g-forces on t h e  descend- 

ing  t r a j e c t o r i e s  . 
generated during passage through t h e  atmosphere on t r a j e c t o r i e s  which do not 

descend t o  t h e  Earth on t h e  f irst  pass. 

g-forces on t h e  second segment a r e  comparatively small. These g-forces can be 

a t t a ined  a l s o  on descending t r a j e c t o r i e s  i f  a change-over o f  L/D i s  employed 

i n  t h e  process of descent. 

should l i k e  t o  p i n t  ou t ,  as can be seen from t h e  graph i n  Fig.2, t h a t  t h e  re- 

l a t ionsh ip  of g-force a t  a given L/D t o  perigee height f o r  H 5 0.1 is  close t o  

l i nea r .  

These l i n e s  consis t  of two segments separated by a small cross .  

The second segment (dot-dash l i n e s )  corresponds t o  g-forces 

A s  can be seen f r o m  t he  graph, t he  

0 
This w i l l  be d e a l t  with i n  more d e t a i l  below. We 

The peak-g is p rac t i ca l ly  independent of t h e  b a l l i s t i c  coe f f i c i en t  whose 

magnitude has an e f f e c t  only on t h e  a l t i t u d e  of passage through maximum g. 

we assume an exponential  law f o r  t h e  va r i a t ion  i n  dens i ty  with a l t i t u d e  then 

t h e  s h i f t  of g-maxima with respect  t o  a l t i t u d e ,  f o r  a va r i a t ion  i n  t h e  b a l l i s t i c  

coe f f i c i en t  of Ac, can be estimated i n  t h e  form 

If 

C 1  

Ca 
Ay = Htn - 

where H is  t h e  a l t i t u d e  of t h e  homogeneous atmosphere, c1= ~0 + Ac. 

C1 example, with a two-fold increase i n  t h e  b a l l i s t i c  coef f ic ien t  {- 

Thus, f o r  

= 2), \ c o  
5 



assuming t h e  a l t i t u d e  of t h e  homogeneous atmosphere t o  be H = 8 km which corre- 

sponds t o  a decelerat ion a l t i t u d e  of 50 - 60 km, we obta in  a s h i f t  with respect  

t o  t h e  a l t i t u d e  Ay = 6 km i n  t h e  region of great  a l t i t u d e s .  

such a reca lcu la t ion  was substant ia ted i n  t h e  performed computations. 

t i o n  i n  t h e  b a l l i s t i c  coeff ic ient  l eads  t o  a parallel s h i f t  of t h e  graphs with 

respect  t o  perigee height. I n  t h i s  case, t h e  width of t he  reent ry  corr idor  is  

not a l t e r ed .  

The correctness  of 

A varia-  

It i s  c l e a r  from the  graphs presented t h a t  t h e  introduct ion,  i n t o  t h i s  

inves t iga t ion ,  of t r a j e c t o r i e s  with large L/D values will ensure obtaining a n  

adequately wide reentry corr idor .  

may be very la rge .  

a sharp narrowing of t h e  corr idor .  

However, t h e  g-values i n  t h e  e n t i r e  cor r idor  

Introducing a l imi t a t ion  on t h e  magnitude of g w i l l  lead t o  

The r e l a t ionsh ip  of reent ry  corr idor  width t o  t h e  allowable magnitude of g 

during descent w i t h  a f ixed L/D is shown in Fig.3. 

allowable g-value and t h e  ord ina te ,  t h e  width of t h e  reent ry  corr idor .  

s o l i d  l i n e s  show the  r a t i o  of reentry corr idor  width t o  allowable g-value f o r  a 

given length of t h e  descent path; the broken l i n e s  correspond t o  f ixed  L/D 

values. 

The absc issa  gives t h e  /6 
The 

It can be seen from the  graph how a reduction of t h e  allowable g-value 

For example, i f  t h e  allowable diminishes t h e  width of t h e  reent ry  corridor.  

g-value is taken as n = 4.0, then f o r  a t r a j e c t o r y  of L = 5000 km, t h e  width of 

t h e  r een t ry  cor r idor  w i l l  be Ah = 360 km. 

cor r idor ,  t h e  vehicle  must have an  L/D of 

value t o  n = 10, then, f o r  t he  same length,  t h e  width of t h e  reent ry  corr idor  

w i l l  be  Ah = 50 km, i n  which case it is necessary f o r  t he  vehicle  t o  have an  L/D 

of K z- 0.3. 

To achieve the  indicated reent ry  

2 1. If we l i m i t  t h e  allowable g- 

The graph i n  Fig.3 shows that a reduction i n  t h e  allowable g-value 
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causes a decrease i n  the  L/D magnitude needed t o  achieve the  cor r idor  which 

satisfies the  accepted magnitude f o r  t h e  allowable g. 

2. Descent with Change-Over 

A s  pointed out  above, a r e l ay  system of L/D change-over was invest igated 

f o r  t he  purpose of cont ro l l ing  the  L/D. 

varied number of L/D change-overs from maximum pos i t ive  L/D t o  negative and 

v i ce  versa.  

L/D occurs instantaneously; t r a n s i e n t  processes were not invest igated.  

We reviewed descent pa t te rns  with a 

I n  a l l  of t h e  s tudied patterns it was assumed that t h e  change of 

Two pa t te rns  were examined with a s ing le  L/D change: one pa t te rn  with an  /7 
L/D change from negative t o  pos i t ive  and one with a n  L/D change from pos i t ive  

t o  negative. 

I n  t h e  first pa t te rn ,  it was assumed that t h e  reent ry  of t h e  vehic le  i n t o  

t h e  a tmsphere  i n  the  first moments is accompanied by a lift which is  d i rec ted  

downward (K = - K ) ,  s o  that t h e  aerodynamic fo rce  pushes t h e  vehicle  toward t h e  

Earth. Then, a t  t h e  i n s t a n t  tl, t h e  d i r ec t ion  of l i f t  changes and t h e  f u r t h e r  

descent proceeds with an upward-directed l i f t  (x = q. 
length of t h e  descent port ion is ensured by s e l e c t i n g  t h e  i n s t a n t  of change- 

over t l .  

Attainment of t h e  given 

I n  t h e  second pa t te rn  which incorporates a s ing le  va r i a t ion  of L/D, it was 

assumed that i n i t i a l  reen t ry  i n t o  the a tmsphere  takes  place a t  a pos i t ive  L/D. 

Then, a t  some i n s t a n t  of time the  L/D instantaneously becomes negative and re- 

mains negative u n t i l  t h e  descent i s  terminated. I n  t h e  case of such a descent 

pa t te rn ,  extremely la rge  g-forces develop after t h e  second d i p  i n t o  t h e  atms- 

phere; hence, t h i s  pa t te rn  is  not ra t iona l .  

from t h e  point of view of determining t h e  i n s t a n t  of time f o r  change-over 

However, t h e  pa t te rn  is of i n t e r e s t  

(L), 
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which w i l l  y ie ld  the  desired length L. As it turned out ,  t h e  i n s t a n t  cl a p  

parent ly  is  very close t o  t h e  optimum i n s t an t  f o r  t h e  first change-over i n  t h e  

case of a pa t te rn  with m r e  than one change-over. 

The i n s t a n t  cl may be ca l led  the  l%oundary of c o n t m l l a b i l i t y f f  of a tra- 

jec tory  of length L, s ince  with no mmer of L/D change-over, when t > (L) , 
can t h e  length L be obtained ( t h e  length is l a r g e r  than t h e  given length o r  the  

t r a j e c t o r i e s  do not descend t o  t h e  surface of t h e  Earth on t h e  f irst  pass). 

Let  us examine a pa t te rn  with a two-time va r i a t ion  of the  d i r e c t i o n  of /8 
l i f t .  L e t  t h e  first port ion of t h e  descent f r o m  t h e  a l t i t u d e  yo t o  t h e  in s t an t  

of t h e  i n i t i a l  change-over proceed at  pos i t ive  l i f t  (K = K ) .  A t  t h e  i n s t a n t  tl 

t h e  d i r e c t i o n  of l i f t  reverses and a ce r t a in  port ion of t h e  t r a j e c t o r y  i s  then 

t raversed a t  a negative L/D ( x  =-" ) .  

again becomes pos i t ive  and remains posit ive t o  t h e  termination of t h e  descent. 

- 
Then, a t  t h e  i n s t a n t  t h e  L/D value 

The physical  sense of t h e  investigated v a r i a t i o n  i n  l i f t  during t h e  de- 

scent  cons is t s  i n  a tendency toward reduction of t h e  curvature of t h e  t r a j e c t o r y  

and a prolonging of t he  dura t ion  of the dece lera t ion  portion. 

ce l e ra t ion  i n  t h e  upper layers  of the atmosphere leads t o  a s i t u a t i o n  wherein a 

considerable par t  of t h e  ve loc i ty  is  l o s t  i n  t h e  upper layers  of t he  atmosphere, 

t h e  va r i a t ion  i n  g with respect  t o  time is  considerably s t re tched  ou t ,  and t h e  

peak-g i s  lowered. 

Protracted de- 

A pat te rn  with two change-overs contains t h e  two parameters tl and t a  

which are r e l a t e d  by t h e  condition f o r  achieving t h e  given length.  For given 

values of l i f t / d r a g  r a t i o ,  length,  and perigee height ,  we f i nd  a single-para- 

meter family of t r a j e c t o r i e s .  The magnitude of peak-g along t h e  t r a j e c t o r i e s  

of t h i s  family var ies .  It is necessary t o  f i n d  t h a t  t r a j e c t o r y  f o r  which t h e  

peak-g is smallest. 
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Figures 4 and 5 f o r  a pa t t e rn  w i t h  two change-overs, show the  r e l a t ionsh ip  

of g-loading t o  time f o r  t r a j e c t o r i e s  with a length of L = 5000 km and f o r  an  

L/D of = 0.5, f o r  t he  case of t h e  two perigee heights  h = 44. km and h = 54 km, 

respect ively.  

parameter, we w i l l  s e l e c t  t h e  instant  tl of t h e  i n i t i a l  change-over. 

The set of t r a j e c t o r i e s  has a free parameter. To represent  t h i s  

The family of t r a j e c t o r i e s  is  bounded by two l i m i t  t r a j e c t o r i e s .  The & 
- first  limit t r a j e c t o r y  corresponds t o  a descent with one change-over from --H 

t o  +is. 

two change-overs degenerates i n t o  a pat tern with one L/D change-over. 

represented by curve I i n  Figs.& and 5. 

j ec tory  with one change-over f r o m  +z t o  X. 

case f o r  t h e  i n s t a n t  of t he  second change-over tz = t,,,, where t ter, i s  t h e  

terminal i n s t a n t  of motion. 

t r a j e c t o r i e s  is represented respect ively by curves V I 1  and VIII. The i n s t a n t s  

of t he  i n i t i a l  change-over tl f o r  t he  t r a j e c t o r i e s  of t h i s  family a r e  included 

i n  t h e  interval  to tl Tl . 

This can be viewed as t h e  l i m i t  case f o r  tl = to and t h e  pa t te rn  with 

This i s  

The o the r  l i m i t  t r a j e c t o r y  is the  tra- 

This can be considered as t h e  l i m i t  

I n  Figs.4 and 5 t h i s  boundary of the  family of 

I n  Figs.4 and 5, t he  heavy broken l i n e  connects t h e  maxima f o r  g-loading 

on t r a j e c t o r i e s  with d i f f e r e n t  values of t1 These graphs ind ica te  t h a t  both 

l imi t  t r a j e c t o r i e s  are highly unsuitable from the  p i n t  of view of g-loading. 

Let us examine t h e  evolution of t h e  r e l a t ionsh ip  of g-loading t o  time f o r  

t h e  case of v a r i a t i o n  of t h e  parameter tl i n  t h e  allowable region. For values 

of tl close t o  to, an  increase i n  tl w i l l  lead t o  a reduction i n  the  m a x i m  of 

g-loading. 

moment of t h e  f i r s t  g-loading maximum, s t i l l  another maximum occurs c lose  t o  

t h e  f i rs t  mximum (see curves I1 and 111 i n  Figs.4 and 5).  

crease i n  tl , t h e  f irst  i so la ted  maximum does not change, while t h e  magnitude 

After tl has pissed through t h e  value \, , which co r re spnds  t o  t h e  

With a f u r t h e r  in- 
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of t h e  second maximum is reduced. 

ing of a l l  succeeding maxima. 

a t  t h e  boundary of TI, t h e  g-forces begin t o  increase sharply.  

I n  addi t ion,  t h e r e  i s  a simultaneous lower- 

However, beginning from some i n s t a n t  immediately 

The first of t h e  graphs presented (Fig.&), which corresponds t o  t h e  /10 
l e s s e r  perigee height ,  shows that i n  the  case of a minimization of g-loading 

the  magnitude of t h e  first maximum i s  l a rge r  than a l l  of t h e  succeeding ma.Xirra. 

I n  t h i s  case, t h e  i n s t a n t  tl can be selected i n  such a manner that the  succeed- 

ing  maxima will be as small as possible. 

The second graph (Fig.5), which corresponds t o  t h e  l a r g e r  perigee height ,  

shows that f o r  a l l  t r a j e c t o r i e s  c lose t o  the  optimum t h e  second g-loading maxi- 

mum i s  l a r g e s t .  

L e t  be t h e  height of perigee of a t r a j e c t o r y  with two change-overs, f o r  

which equality is achieved between the first and one of t h e  succeeding maxim 

of g-loading. The reent ry  corr idor  can then be divided i n t o  two port ions,  i n  

which t h e  character  of g-minimization w i l l  d i f f e r .  

If the  perigee of t h e  t r a j e c t o r y  h i s  located i n  t h e  first port ion of t h e  

r een t ry  cor r idor  (hl < h < b) (see,  f o r  example, Fig.4) then,  i n  order that 

g-loading be minimal, t h e  first change-over must occur after passage of t h e  

first maximum, obviously, by se l ec t ing  t h e  i n s t a n t  f o r  change-over from t h e  

i n t e r v a l  t.1, < tl < TI. 
mining one. 

t i o n  of t h e  change-over pat tern.  

The magnitude of t h e  f irst  maximum w i l l  be t h e  deter-  

The magnitude of t h e  first maximum cannot be reduced by manipula- 

The t r a j e c t o r i e s  i n  Fig.5 correspond t o  t h e  height of perigee from t h e  

second port ion of t h e  reent ry  corridor b < h < 4 . 
t i o n ,  t h e  second maximum of g-loading i s  l a rges t .  By manipulating t h e  pa t te rn  

and increas ing  t h e  number of change-overs it is  possible  t o  reduce t h i s  second 

As a result of g-minimiza- 
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maximum. 

change-overs i n  Fig.6. 

optimum t r a j e c t o r y  with a height of perigee h = 54 km, obtained as a r e s u l t  of 

g-minimization with a pattern containing two change-overs. 

t h i s  t r a j e c t o r y  i s  shown i n  Fig.5 by curve I V .  

d i ca t e s  t h a t  a n  increase i n  t h e  number of change-overs up t o  fou r  resu l ted  i n  

an  e s s e n t i a l  reduction of g-loading . 

A s  an  example of t h i s  reduction, we show a t r a j e c t o r y  with f o u r  

A s  i n i t i a l  condition f o r  t h i s  t r a j e c t o r y  we se lec ted  an  

The g-loading on /91 
A comparison of t h e  graphs in- 

I n  Figs.7 and 8 t h e  a l t i t u d e  var ia t ion  is p lo t ted  as a funct ion of time 

f o r  t h e  t r a j e c t o r i e s  whose g-loading is represented i n  Figs.4 and 5. It can 

be seen from the  graphs presented that t h e  f irst  t h r e e  t r a j e c t o r i e s  r icochet  

considerably, r i s i n g  t o  an  a l t i t u d e  of y = 150 km o r  more. 

t r a j e c t o r i e s ,  including t r a j e c t o r y  I V ,  which represents  optimum g-loading, have 

t h e  character  of a creeper. 

with t h e  growth i n  tl The first t r a j ec to ry ,  which corresponds t o  t h e  limit 

t r a j e c t o r y  I i n  Fig.&, d ips  in to  t h e  atmosphere t o  an  a l t i t u d e  of y = 50 km. 

For t h e  optimum t r a j e c t o r i e s ,  corresponding t o  curves I V Y  t h e  a l t i t u d e  on t h e  

f irst  d i p  increases  t o  65 - 68 lan. 

A l l  t h e  succeeding 

The minimum a l t i t u d e  during the  first d i p  increases  

The graphs i n  Figs.& - 8 and t h e i r  descr ipt ions are presented as examples 

which character ize  t h e  var ia t ion  i n  a l t i t u d e  and g-loading f o r  descent tra- 

j e c t o r i e s  with a length of L = 5000 km f o r  an  L/D of ti = 0.5. 

which bave a g rea t e r  length ( fo r  example, L = 10,000 km) with perigee heights 

l y ing  i n  t h e  second region of t h e  reentry corr idor ,  t h e  l a rges t  maximum i s  not  

t h e  second but  r a the r  t h e  last mximum, which occurs upon f i n a l  penetrat ion 

i n t o  t h e  atmosphere. 

For t r a j e c t o r i e s  

Similarly, as was done f o r  a n  L/D of K = 0.5, we worked out  t h e  process 

of g-minimization f o r  o ther  L/D values as w e l l .  A t  K 0.3, t h e  d i f fe rence  
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from t r a j e c t o r i e s  with j? 5 0.5 consis ts  i n  t h e  f a c t  t h a t ,  i n  t h e  second region 

of t h e  reent ry  corr idor ,  t h e  l a rges t  maximum is  t h e  last maximum, while t h e  

second maximum can always be reduced and m d e  lower than t h e  first maximum by /12 
proper se l ec t ion  of t h e  i n s t a n t  f o r  change-over. 

Calculations were performed f o r  varying values of length  and L/D. A re- 

sum6 of the  r e s u l t s  i s  s e t  f o r t h  i n  the Sect ion which follows. 

3. L i m i t  Values f o r  GLoadinq 

Sumary graphs, character iz ing the l i m i t  values of g-loading during a 

descent w i t h  L/D change-over, a r e  presented i n  Fig.9. 

perigee height and t h e  ordinate  a x i s  the  magnitude of peak-g values. 

sponding t o  each value of t he  prevai l ing l i f t -d rag  r a t i o  

i s  a region i n  the  (h,n) plane. 

The absc issa  gives t h e  

Corre- 

and length L, t he re  

On each of t h e  curves bounding a region i n  the(h,n) plane t h e  upper l e f t  

angular  point corresponds t o  a descent with f ixed L/D K. This angular point is  

matched by a f u l l y  determined perigee height h l ,  which i s  t h e  lower boundary of 

t h e  cor r idor  with respect  t o  t h e  height of t h e  perigee. 

less t han  hl, it i s  impossible t o  a t t a in  t h e  given length by any kind of change- 

overs  m k i n g  use of t h e  lift f o r  a given L/D. 

A t  perigee heights 

For perigee heights  of h > hl there  is  a set of t r a j e c t o r i e s  on which it 

is  possible  t o  a t t a i n  t h e  necessary length and which provide opportunity f o r  

t h e  reduction i n  g-loading by means of L/D change-over. 

On t h e  r i g h t ,  t h e  region i s  bounded by t h e  upper boundary of t h e  reent ry  

, which corresponds approximately t o  a l t i t u d e s  of k = 66 - 70 km, cor r ido r  

depending on L/D and length.  For la rger  L/D, t h e  limit a l t i t u d e  b i s  some- /13 
w h a t  g r ea t e r  than f o r  lower L/D. Tra jec tor ies  which have perigee heights 

12 



grea te r  than  those indicated cannot be projected t o  t h e  surface of t h e  Earth on 

t h e  f irst  pass using aerodynamic forces alone. 

The graph of Fig.9 contains a region of negative perigee heights.  I n  

connection with t h i s ,  it m u s t  be recalled t h a t  t h e  perigee height h is a char- 

a c t e r i s t i c  of t h e  reent ry  conditions and does not def ine t h e  a l t i t u d e  of the  

c loses t  approach t o  Earth during t h e  i n i t i a l  e n t r y  i n t o  t h e  dense layers of t h e  

atmosphere. 

50 km. 

This a l t i t u d e ,  f o r  mst of t h e  t r a j e c t o r i e s ,  i s  not less than 

The upper boundaries of t h e  regions i n  Fig.9 correspond t o  descent tra- 

j e c t o r i e s  with a s ingle  change-over of L/D from negative to pos i t ive .  

point on t h e  curve def ines  the  peak-g on t h e  descent t r a j ec to ry ,  characterized 

by t h e  perigee value equal t o  t h e  abscissa  index f o r  t h a t  point. There exists 

a single-valued re la t ionship  between the  perigee height and the  i n s t a n t  of 

change-over a t  which t h e  t r a j e c t o r y  has t h e  given length.  

graph that the  introduct ion of a one-time change-over of L/D from negative to  

pos i t ive  leads t o  a notable reduction i n  g-loading only f o r  perigee heights  

c lose t o  b. 

Each 

It is  c l e a r  from t h e  

The g-loading a t  t h e  upper boundary of t h e  region represents  t h e  l a r g e s t  

l i m i t  values of g-loading during a descent with two  L/D change-overs when t h e  

i n s t a n t  of t he  i n i t i a l  change-over tl -, to, and t h e  pa t te rn  with t w o  change- 

overs  degenerates i n t o  a pa t te rn  w i t h  a s ing le  change-over. The p i n t s  i n  a 

region s i tua t ed  below i t s  upper boundary correspond t o  a descent having two 

change-overs with a perigee height equal t o  t h e  absc issa  index f o r  that p i n t .  

The upper boundary of t he  region i n  Fig.9 depends on the  length of t he  /uL 
descent path. 

reduced and t h e  upper boundary of  the region is s h i f t e d  downward. 

With an  increase i n  length of t he  descent path, t h e  g-loading i s  

I n  addi t ion ,  
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t h e  angular  point corresponding t o  a descent with a f ixed  L/D is  displaced 

along t h e  lower l e f t  boundary of t h e  region common t o  the  family of regions f o r  

one and t h e  same prevai l ing L/D but f o r  d i f f e r e n t  lengths of t h e  descent  p t h .  

Gf grea te s t  i n t e r e s t  is t h e  lower boundary of t h e  region s ince  it is the re  

that t h e  lowest g-loading values occur. 

be divided i n t o  two segments which correspond t o  t h e  two portions of t h e  re- 

en t ry  corr idor .  The first segment, which corresponds t o  t h e  f i r s t  port ion of 

t h e  reent ry  corr idor ,  begins a t  t h e  angular  point and is  p r a c t i c a l l y  r e c t i l i -  

near. 

ates not iceably from a s t r a i g h t  l i n e .  

The lower boundary of t h e  region can 

I n  t h e  second portion of t h e  reentry corr idor ,  t he  lower boundary devi- 

I n  t h e  f irst  portion of t h e  reentry corr idor ,  t h e  i n i t i a l  g-load maximum 

is  l a r g e s t  and represents t h e  determining f a c t o r ;  t he  succeeding maxima do not 

exceed t h e  first.  

t h e  i n i t i a l  L/D change-over is found t o  occur after passage of t h e  f irst  g- 

loading maximum, i.e., a t  pos i t ive  L/D. 

i n  t h e  f i r s t  mldm, i n  t h e  case under consideration, m u s t  coincide with the  

g-loading i n  the  first lraximum f o r  t r a j e c t o r i e s  of a descent with a f ixed  L/D 

equal  t o  t h e  value of t he  prevai l ing L/D K .  

of t h e  lower boundary i n  Fig.9 should coincide with t h e  t h i n  l i n e  i n  Fig.2 

(i .e. ,  t he  l i n e  which changes i n t o  a dot-dash l i n e ) ,  corresponding t o  t h e  same 

value of K. 

For t r a j e c t o r i e s  coming i n  t h e  f irst  portion, t h e  i n s t a n t  of 

It follows from t h i s  t h a t  t h e  g-loading 

This means t h a t  t he  f i r s t  segment 

On t h e  f i rs t  port ion of the  reentry corr idor ,  no maneuver is possible  by /L5 
means of subsequent change-overs f o r  reducing the  magnitude of t h e  f irst  maxi- 

mum, which is  t h e  determining one. Therefore, on t h i s  portion, from t h e  point 

of view of minimizing the  peak-g, it i s  useless  t o  apply a pa t te rn  with more 

than two change-overs. 



. 
The lower boundary on t h e  f i r s t  portion depends only on the  prevai l ing L/D. 

On t h e  second portion, t he  lower boundary may depend both on t h e  length of t h e  

descent path and on the  pa t te rn  of change-overs. 

a n  increase i n  t h e  length of t h e  descent path and an  increase i n  t h e  number of 

change-overs m y  lead t o  a reduction i n  t he  peak-g on t h e  second portion. 

ever, t h e r e  are ce r t a in  l i m i t  values below which peak-g cannot be reduced. 

These l i m i t  values correspond t o  g-loads a t  t h e  last mximum and, numerically, 

a r e  c lose t o  t h e  g-loads during reentry from decaying satel l i te  o r b i t s  (Bibl.2), 

approximately equal t o  n = 2 f o r  

K = 0.2. 

The graph i n  Fig.9 shows that 

How- 

= 0.5; n = 2.5 f o r  K = 0.3; and n = 3 f o r  

A s  indicated by t h e  graphs i n  Fig.9, f o r  a preva i l ing  L/D of E = 0.2 and 

K = 0.3 the  lower boundary on t h e  second port ion occupies the  lower l i m i t  posi- 

t i o n  f o r  both the  5OOO-km and 10,000-lan lengths of t h e  descent path. 

The e n t i r e  lower boundary i s  common t o  the  family of  regions which depends 

on the  prevai l ing L/D. 

pa t te rn  with two change-overs. 

Attainment of t h e  lower boundary i s  ensured by using a 

A s  follows f r o m  Fig.9, f o r  an  L/D of k = 0.5 t h e  lower boundary depends 

on both t h e  length of the  descent path and t h e  pa t te rn  of change-over. For a 

length L = 10,000 km, as calculat ions have demonstrated, t he  lower boundary 

a l ready  occupies the  l i m i t  pos i t ion  i n  the  case of a pa t te rn  w i t h  two change- 

overs.  

portion, i n  t h e  case of a pa t t e rn  with two change-overs, i s  s i tua t ed  higher 

than t h e  l i m i t  posit ion.  An increase up t o  f o u r  i n  t h e  number of change-overs, 

as can be seen f r o m  t h e  graph, enables the  lower boundary t o  approach the  l i m i t  

For a length L = 5000 km, the lower boundary of t he  region on t h e  second 

posi t ion.  
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